Abstract Comparison of preevent geodetic and geologic rates in three large-magnitude (M w 5 7.6-7.9) strike-slip earthquakes reveals a wide range of behaviors. Specifically, geodetic rates of 26-28 mm/yr for the North Anatolian fault along the 1999 M W 5 7.6 Izmit rupture are 40% faster than Holocene geologic rates. In contrast, geodetic rates of 6-8 mm/yr along the Denali fault prior to the 2002 M W 5 7.9 Denali earthquake are only approximately half as fast as the latest Pleistocene-Holocene geologic rate of 12 mm/yr. In the third example where a sufficiently long pre-earthquake geodetic time series exists, the geodetic and geologic rates along the 2001 M W 5 7.8 Kokoxili rupture on the Kunlun fault are approximately equal at 11 mm/yr. These results are not readily explicable with extant earthquake-cycle modeling, suggesting that they may instead be due to some combination of regional kinematic fault interactions, temporal variations in the strength of lithospheric-scale shear zones, and/or variations in local relative plate motion rate. Whatever the exact causes of these variable behaviors, these observations indicate that either the ratio of geodetic to geologic rates before an earthquake may not be diagnostic of the time to the next earthquake, as predicted by many rheologically based geodynamic models of earthquake-cycle behavior, or different behaviors characterize different fault systems in a manner that is not yet understood or predictable.
Introduction
Geodetic observations of time-dependent surface deformation throughout an earthquake cycle can constrain physical models of fault loading and rates of elastic strain accumulation. Unfortunately, these data are not yet generally extant along most faults that are capable of generating M W > 7 earthquakes due to long (>100 year) interevent times that exceed the duration of the observational epoch. However, geodetic observations immediately prior to large (M W 7.6) earthquakes are now available along the North Anatolian, Denali, and Kunlun strike-slip faults. While short of spanning a complete earthquake cycle, these decadal pre-earthquake measurements do provide constraints late in the earthquake cycle where differences between long-term geologic fault slip rates and geodetically inferred slip-deficit rates are predicted to be greatest (Hetland & Hager, 2006) . Earthquake-cycle models of periodic earthquakes within an elastic upper crust coupled to a linear viscoelastic mantle (Cohen, 1982; Hetland & Hager, 2006; Savage & Prescott, 1978) predict relatively low near-fault velocity gradients in fault-parallel surface velocities prior to periodic main shock ruptures. This is the case when either lower crustal viscosities are low or earthquake recurrence times are long, and where viscoelastic processes are responsible for postseismic relaxation. Interpreted in the context of classical elastic dislocation models (Savage & Burford, 1973) , these velocities would yield relatively slow slip-deficit rate estimates as compared with longer-term (10 4 to 10 5 years) geologic slip rate estimates.
These geologic rates are slower than geodetically constrained slip-deficit rates based on pre-1999 earthquake GPS data ( Figure 1 ). For example, modeling of the 1988-1997 geodetic data suggests slip-deficit rates for the NAF-N strand of 24-30 mm/yr (e.g., Meade et al., 2002; Nyst & Thatcher, 2004; Reilinger et al., 2006; DeVries et al., 2016) . Although the earlier block models were based on the assumption of internally rigid blocks, which could result in artificially rapid estimates of slip-deficit rates at block boundaries (i.e., the modeled faults), and some used block boundaries that did not exactly match the active strands of the NAF system in northwestern Turkey (as noted by Floyd et al., 2010) , DeVries et al. (2016) used a geologically accurate, three-dimensional earthquake-cycle model that incorporates realistic block boundaries corresponding to the main, northern NAF-N strand, as well as the central NAF and southern NAF strands. Moreover, their model allows internal block strain and accounts for interseismic strain accumulation and viscoelastic deformation generated from 500 years of M W > 6.5 earthquakes. The DeVries et al. (2016) model yields a pre-1999 Izmit earthquake geodetic slip-deficit rate for the NAF-N strand rate in northwestern Turkey of 26-28 mm/yr, similar to the earlier-determined rates, and 40% faster than the geologic slip rate ( Figure 1 ).
This geologic-geodetic rate discrepancy could potentially be explained by distributed geologic deformation that is not accounted for in the fault offset measurements used to constrain geologic slip rates (e.g., Hergert & Heidbach, 2010) . This hypothesis, however, is inconsistent with late Pleistocene to Holocene (10 4 to 10 5 years) geologic slip rate estimates (Dolan, 2009; Grall et al., 2013; Kozacı et al., 2009; Kurt et al., 2013; Meghraoui et al., 2012; Pucci et al., 2007; Rockwell et al., 2009 ) that come from both to the east and west of the central Marmara region zone of structural complexity at locations where the NAF-N is single stranded. For example, to the west of the central Marmara, studies by Rockwell et al. (2009; 15.8 17.3 / -3.8 mm/yr), Meghraoui et al. (2012; 17 6 5 mm/yr), and Grall et al. (2013; 17 .4 6 2.3 mm/yr) yield rates that are similar to NAF-N rates measured to the east by Pucci et al. (2007; 15 .0 6 3.2 mm/yr), Dolan (2009; 16 6 2 mm/yr), and Kurt et al. (2013; 18.5 110.9 / -5.9 mm/yr). Moreover, the similar, longer-term (100-500 ka) geologic slip rate estimates by Grall et al. (2013) and Kurt et al. (2013) are based on offsets of km-scale features and therefore likely incorporate any off-fault distributed deformation. Thus, the apparent geologic-geodetic rate discrepancy along the northern strand of the NAF-N is real, with the pre-Izmit earthquake slip-deficit rate being 40% faster than the longer-term geologic fault slip rate (Figure 1 ).
2001 Kokoxili, Tibet, Earthquake (Kunlun Fault)
The 2002 M W 5 7.8 Kokoxili rupture extended for more than 400 km along the central and western Kunlun fault in Tibet Lasserre et al., 2005; Van der Woerd et al., 2002a; Xu et al., 2002) . Van Der Woerd et al. (2002b) documented Holocene slip rates at three sites along the west-central Kunlun fault, near 948E, along the eastern part of the 2001 rupture. These rates yield a relatively consistent slip rate that averages 11.6 6 1.5 mm/yr. The true rate could be somewhat Comparison of geologic and geodetic rate data for the three earthquakes we discuss. Dots show ratios of long-term (10 4 to 10 5 years) average fault slip rates with geodetic rates immediately prior to the earthquakes. Denisty of blue and brown vertical lines show probability distribution functions of geologic-geodetic ratios from Meade et al. (2013) and Thatcher (2009) , respectively. Note that rate of elastic strain accumulation along the Denali fault was only about half as fast as the long-term rate prior to the 2002 earthquake, whereas the rate of elastic strain accumulation on the NAF-N prior to the 1999 M W 5 7.6 Izmit earthquake was 150% the long-term average slip rate; the 1:1 geologic-geologic ratio prior to the 2001 M W 5 7.8 Kokoxili earthquake is similar to the near-1:1 ratios documented for many faults by Meade et al. (2013; blue slower if upper terrace reconstructions of their offsets are considered (e.g., Cowgill, 2007) ; Van Der Woerd et al. (2002b) assumed only lower terrace reconstructions, which will yield maximum rates.
The N-S transect of GPS stations used to constrain the pre-Kokoxili velocity field crosses the Kunlun fault near 948E, along the same stretch of the Kunlun fault from which Van der Woerd et al. (2002b) measured the geologic rates described above. Both time-independent (Meade, 2007) and time-dependent (DeVries & Meade, 2013; Hilley et al., 2005) slip-deficit rate estimates of these data yield estimates of 9-12 mm/yr. Thus, the geodetic and geologic data, collected from the same stretch of the central Kunlun fault, suggest that the pre-earthquake slip-deficit rate and the longer-term Holocene fault slip rate are similar at 11 mm/yr (Figure 1 ). Freymueller et al. (2008) . As with the Izmit and Kokoxili geodetic data described above, a key aspect of these geodetic data is that a well-constrained time series is available from prior to the 2002 rupture. These prerupture geodetic data have been used to estimate a time-independent slip-deficit rate of 6-8 mm/yr (Freymueller et al., 2008) . Thus, the geodetic slip-deficit rate on the Denali fault prior to the 2002 earthquake was only about half of the Holocene geologic slip rate (Figure 1 ).
Discussion

A Diversity of Earthquake-Cycle Behaviors
The comparisons above reveal a diversity of earthquake-cycle behaviors, with geodetic slip-deficit rates that are faster than, slower than, and similar to longer-term geologic average rates prior to the 1999 Izmit, 2002 Denali, and 2001 Kokoxili earthquakes, respectively. This diverse range of behaviors is not consistent with classical two-layer Maxwell rheology earthquake-cycle models (e.g., Savage & Prescott, 1978) . In particular, this class of earthquake models predicts that geodetically constrained slip-deficit estimates late in the earthquake cycle should be slower than the geologic rate at the end of a strain-accumulation cycle in the limit that earthquake recurrence intervals are relatively long (e.g., >500 years) and/or sub-upper crustal viscosities are relatively low (e.g., <10 18 Pa s; e.g., Savage, 2000; Savage & Prescott, 1978) . This type of behavior is consistent with the much slower geodetic slip-deficit rate estimates from prior to the 2002 Denali earthquake relative to geologic rate estimates.
Observational evidence for this behavior is sparse, however . More commonly, geodeticgeologic rate comparisons spanning various points in the earthquake cycles of many faults yield similar rates (0.94 6 0.09 Pearson correlation coefficient), such as occurred prior to the 2001 Kokoxili earthquake on the Kunlun fault Thatcher, 2009 ). This similarity between geologic and geodetic rates, in addition to the observation of rapid postseismic deformation rates, can be explained by earthquake-cycle models that include multiple relaxation time scales (DeVries & Meade, 2013; Hetland & Hager 2006 ). In contrast, we are not aware of extant mechanical models models that can explain the faster-than-average slipdeficit rate estimates constrained by GPS observations from late in the earthquake cycle, as was the case prior to the 1999 Izmit rupture.
Possible Explanations
Here we consider several possible mechanisms that may provide testable hypotheses concerning the controls on the observed behaviors. Specifically, we consider four possible mechanisms-two related to intrinsic behavior of the fault zone, and two associated with extrinsic controls-that could potentially explain these observations: (1) earthquake-cycle effects related to previous clusters or lulls in earthquake Geochemistry, Geophysics, Geosystems
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occurrence and fault displacement; (2) temporal variability in fault strength; (3) regional kinematic fault interactions; and (4) temporal variability of relative plate motion rates.
Effects of Temporal Clustering of Large Earthquakes
Earthquake-cycle models that include the effects of temporal clusters of large-displacement ruptures suggest that geodetic rates at the end of a strain-accumulation cycle could be slightly faster than the cycle average rate following such a cluster (Meade & Hager, 2004) . Could this explain, for example, the elevated geodetic slip-deficit rate observed along the future rupture zone of the 1999 Izmit earthquake? Historical and paleoseismic data from the region suggest not. In fact, these observations are consistent with the idea that earthquake recurrence along this stretch of the main, northern strand of the NAF is notably regular, with major prior events occurring approximately every 200-300 years for at least the past several cycles (e.g., 1912 and 1999 events, 1719-1766 sequence, 1509 earthquake, and fourteenth and eleventh century events; Ambraseys, 1970 Ambraseys, , 2002 Ambraseys & Finkel, 1995; Barka, 1992; Hubert-Ferrari et al., 2000; Klinger et al., 2003; Kozacı et al., 2011; Rockwell et al., 2009); Rockwell et al. (2009) , for example, suggested an average recurrence interval of 283 6 113 years for the NAF-N west of the Marmara region for the past millennium. In the case of the Izmit area, it is possible that the 1894 Marmara earthquake (M 7.3; Ambraseys, 2001 ) could have occurred on or near the NAF-N strand just west of the Izmit rupture. But even if this is the case, that event occurred more than 100 years before the Izmit rupture. Moreover, occurrence of the 1894 event cannot explain the observed faster pre-earthquake NAF-N slip-deficit rates along the central and eastern parts of the Izmit rupture, as well as the section of the fault extending for 50 km to the east of the Izmit rupture, all of which lie well to the east of the possible rupture area of the 1894 earthquake. Thus, the apparently elevated rate of elastic strain accumulation along this section of the NAF just prior to the 1999 Izmit rupture cannot be explained by earthquake clustering.
Conversely, an anomalously long lull in earthquake recurrence could lead to geodetic slip-deficit rates at the end of a strain-accumulation cycle that are slower than the expected average rate for an individual earthquake cycle (Meade & Hager, 2004) . This effect cannot explain the slower-than-average slip-deficit rate just prior to the 2002 Denali earthquake, however, because historical data and field observations show that slip along the western part of the Denali rupture in the vicinity of the geodetic and geologic rate data we consider generated the 1912 M 7.3 Delta Valley earthquake (Carver et al., 2004) , whereas the penultimate event farther east along the Denali fault occurred 600-800 years ago (Schwartz et al., 2012) . Thus, the slow rate of elastic strain accumulation observed along the Denali fault prior to the 2002 earthquake cannot be ascribed to an anomalously long pre-2002 event lull in fault slip.
Temporal Variations in Fault Strength
Could the range of behaviors we observe reflect changes in fault strength through time? Incremental geological fault slip-rate records from major strike-slip faults reveal that in at least some cases, fault displacement through time can vary by 500% over sequences that span multiple earthquake cycles (e.g., Dawson et al., 2003; Dolan et al., 2016; Gold & Cowgill, 2011; Hatem et al., 2016; Mason et al., 2004 Mason et al., , 2006 Weldon et al., 2004; Zinke et al., 2017) . Moreover, such irregular slip behavior may extend to even longer time and displacement scales (e.g., Marco et al., 1996) . Although geological data cannot directly measure paleoelastic strain accumulation rates, such extreme variations in fault slip rate spanning multiple earthquake cycles suggest the possibility that the rate of elastic strain accumulation along faults may also vary significantly through time. For example, in the San Andreas fault (SAF) earthquake record at Wrightwood (Weldon et al., 2004) , there are alternating, 3-to 5-earthquake-long ''fast'' and ''slow'' periods of slip, during each of which the rate of fault slip remains relatively constant . This pattern is consistent with the hypothesis that the SAF may ''keep up'' with a temporally variable fault-loading rate within each of the 3-5-earthquake strain super-cycles .
Previous suggestions of mechanisms that could result in temporally variable strain accumulation and release along faults have included alternate strengthening and weakening of faults, either through changes in normal stress and/or changes in the strength of fault-zone rocks themselves (e.g., Chery & Vernant, 2006; Dolan et al., 2007 Dolan et al., , 2016 Hetzel & Hampel, 2005; Luttrell & Sandwell, 2010; Oskin et al., 2008) . We discuss both possibilities below.
Stress-related changes due to addition or removal of gravitational loads. For example, Luttrell and Sandwell (2010) calculated the effects of rising sea level on the stresses acting on several fault systems. They found that as sea level rises, normal stresses acting on coast-parallel faults will either strengthen or weaken, Geochemistry, Geophysics, Geosystems depending on fault location, as the gravitational load is redistributed. In the case of the North Anatolian fault, they showed that the normal stresses acting on the fault were reduced as the level of the Black Sea rose in the early Holocene, promoting failure. Could this explain the observed discrepancy between geodetic and geologic rates along the NAF? Available data suggest not. Specifically, Yanchilina et al. (2017) show that the level of the Black Sea rose abruptly by 120 m as the previously brackish lake filling the deeper parts of the basin filled within a few decades 9.3 ka, when the Bosporus sill was breached by Mediterranean sea water. Thus, any major stress-related changes to the strength of the NAF would have occurred during the early Holocene, with little subsequent change during the past 9 kyr (Luttrell & Sandwell, 2010) . Inasmuch as the compilation of NAF slip rates by Kozacı et al. (2009) reveals relatively constant slip rates along the NAF spanning a wide range of time periods, from 2 to >100 ka, this does not seem to provide a ready explanation for the observed geodetic-geologic rate discrepancy. Indeed, the fastest well-constrained geologic slip rate for the NAF is based on restoration of a late Holocene (2 ka) datum (Kozacı et al., 2007) .
Luttrell and Sandwell (2010) also showed that early Holocene sea level rise reduced the normal stress acting on the Denali fault, potentially increasing slip on the seismogenic part of the fault. As noted above, the Denali fault geologic slip rate (Matmon et al., 2006 ) is based on restoration of 12 ka offsets, and thus would encompass any period of potentially faster fault slip rate associated with sea level rise, consistent with the observed geodetic-geologic rate discrepancy. However, any potential normal stress-induced changes in slip rate would have occurred during a relatively brief part of the 12,000 year-long period over which this slip rate is averaged, during the early Holocene when most sea level rise occurred. Thus, although this could potentially contribute to the geodetic-geologic rate discrepancy observed prior to the 2002 Denali earthquake, we think it is unlikely to fully explain the discrepancy.
Similarly, any potential ice removal during latest Pleistocene-Holocene glacier retreat would also reduce the normal stresses acting on the Denali fault at depth, thus weakening the fault and promoting failure, potentially leading to faster geologic slip rates. However, the strength of deep, downdip extensions of the Alaska megathrust beneath southern Alaska (and the Denali fault) would also be reduced during sea level rise (e.g., Luttrell & Sandwell, 2010) , and the potential interactions between fault strength in both the upper, brittle faults and the deep, ductile downdip extensions of both the Denali fault and the Alaska subduction megathrust need to be investigated to determine the relative effects of such gravitational stress redistribution effects on both the seismogenic parts of these faults and their downdip ductile roots.
Changes in fault strength due to changes in fault-zone rock physical properties. Alternatively, temporal variations in the strength of fault-zone rocks in the ductile roots of major faults may influence temporally irregular fault slip rates. For example, Dolan et al. (2007 Dolan et al. ( , 2016 suggested that the ductile roots of a fault could harden during periods of anomalously rapid fault slip, with strain hardening processes occurring at rates that temporarily overwhelm counteracting annealing processes. In their model, this leads to a lull in ductile shear, and consequently in upper crustal strain accumulation and earthquakes. They suggested that during such lulls, plate boundary strain is accommodated preferentially on other faults, and the fault experiencing the lull (i.e., slow/no slip rate) gradually weakens as a result of annealing, weakening the fault and increasing ductile shear and geodetic slip-deficit rates. Another possibility is that this behavior may be driven by the (random) occurrence of the first event in an earthquake cluster, which may serve to somehow weaken the ductile shear zone below the fault. For example, Oskin et al. (2008) suggested that the first earthquake in a cluster might release fluids downward into the ductile roots of the fault zone, weakening it and allowing faster creep rates, which in turn would drive faster elastic strain accumulation in the upper crust and more frequent earthquakes. Both of these potential mechanisms are consistent with the ductile roots of major faults being mechanically stronger during lulls and weaker at the onset of and/or during a cluster. Both of these suggested mechanisms are problematic, however. The latter would require that fault-zone fluids travel downward within the shear zone, opposite to generally upward-decreasing pressure gradients, and the former would seem most likely to operate at relatively low temperatures and high stresses such as those that would be most likely to be encountered in the shallow levels of ductile shear zones, just below the brittle-ductile transition.
Moreover, in order to yield geodetic signals that would be interpreted as either anomalously slow or fast elastic strain accumulation along a fault, mechanisms that invoke alternate strengthening and weakening on ductile shear zones would have to affect the entire shear zone to depths of at least 60-80 km (Figure 2) . Thus, for such mechanisms to explain, for example, the anomalously rapid geodetic slip-deficit rate prior to Geochemistry, Geophysics, Geosystems
10.1002/2017GC007014
the 1999 Izmit earthquake would require that deep, localized shear in the lowermost crust and uppermost mantle below the locked seismogenic part of the fault was occurring at rates faster than the long-term fault slip rate during the late stages of the earthquake cycle.
How might this occur? It is possible that mechanisms such as shear heating and associated fluid movements could cause changes in the physical properties of the ductile shear-zone rocks that could contribute to understanding the observed rate changes. Periods of anomalously rapid slip within ductile shear zones would generate additional shear heat (e.g., Leloup et al., 1999; Thatcher & England, 1998; Takeuchi & Fialko, 2012) , which in turn could drive dehydration reactions within shear-zone rocks. Dehydration reactions could potentially explain a hardening of the shear-zone rocks that were initially shearing rapidly, and some studies have suggested that this will result in movement of the fluids laterally into shear-zone wall rocks, which will consequently weaken and therefore increase the overall width of the ductile shear zone (e.g., Finch et al., 2016; Oliot et al., 2014) , rather than slow the rate of overall shear. Although local outward migration of fluids almost certainly occurs (e.g., Finch et al., 2016) , analyses of fluid content in the high-strain ultra-mylonite cores of ductile shear zones reveal a range of fluid contents relative to wall rocks (e.g., Finch et al., 2016; Oliot et al., 2010 Oliot et al., , 2014 , suggesting that there are multiple processes at work that may not be fully understood.
We consider the concept that if the fluids released by these dehydration reactions diffuse upward, in response to a pressure gradient related to their higher temperatures, rather than exclusively outward, this could potentially provide a means of strengthening the ductile shear-zone rocks, thus slowing the overall rate of slip of the shear zone if the entire width of the shear zone was affected over a large depth extent. But for fault strength variations to explain the observed range of behaviors requires a mechanism in which the fault alternates between strengthening and weakening, with attendant changes in ductile shear-zone rate. How might the ductile shear zone then ''switch back on''? We suggest that fluids from water-bearing shear-zone wall rocks will gradually diffuse back into the dewatered, hardened shear-zone rocks with time in response to the chemical potential gradient resulting from the disequilibrium created by this juxtaposition. The gradual reintroduction of water into the ductile shear-zone rocks will weaken them, thus potentially increasing the rate of shear across the ductile fault zone, completing the ''fast-slow'' cycle we suggest. The time scales over which this diffusive rehydration could potentially occur could be quite long, however, potentially much longer than the centennial to millennial periods of temporally variable slip rate observed in some paleoseismic studies, especially at the relatively low temperatures (<5008C) that characterize the shallowest parts of ductile shear zones below the brittle-ductile transition in the lower midcrust. Nevertheless, we suggest that the possibility that such processes and feedbacks could occur in ductile shear zones is worth additional investigation, particularly in terms of the time scales involved in alternately dehydrating, then rehydrating fault-zone rocks, especially within the fine-grained ultra-mylonitic rocks that form the high-strain cores of many shear zones.
Regional Fault Kinematic Controls
Alternatively, could interactions among kinematically and geometrically variable faults in structurally complex plate boundary fault systems induce changes in fault loading and slip rates? Specifically, could these interactions and associated changes in stressing rate induced on one fault by variations in slip rate on another fault influence the rate of elastic strain accumulation and release along other faults in the system (e.g., Gabrielov et al., 1996) ?
In one possible example of such behavior, it has long been noted that in the Mojave region north of Los Angeles in California geodetic slip-deficit rates along the conjugate San Andreas and Garlock faults are slower than longer-term geologic slip rates (e.g., Dolan et al., 2007 Dolan et al., , 2016 Ganev et al., 2012; Meade & Hager, 2005; McGill et al., 2009; Peltzer et al., 2001 ). Conversely, slip-deficit rates measured across the mechanically Only the deep shear-zone model yields far-field rates that would be interpreted as a slip-deficit rate that is faster than average.
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complementary faults of the eastern California shear zone (ECSZ) are faster than the collective geologic slip rate across that system Meade & Hager, 2005; Oskin et al., 2008; Oskin & Iriondo, 2004; Peltzer et al., 2001) , although this discrepancy may be reduced somewhat when off-fault deformation not accounted for in the geologic rates is considered (Dolan & Haravitch, 2014; Milliner et al., 2016) . Dolan et al. (2007 Dolan et al. ( , 2016 suggested that these observations could be explained by a kinematic model in which the conjugate San Andreas-Garlock fault system and the mechanically complementary ECSZ ''trade off'' accommodating Pacific-North America relative plate motion. Using available geodetic and geologic rates, they suggested that the faults of the ECSZ are currently storing and releasing energy faster than average, while the San Andreas-Garlock part of the system is storing and releasing energy more slowly than average.
Could such interactions among upper crustal faults explain the wide range of behaviors we discuss for the Izmit, Kokoxili, and Denali earthquakes? The causative faults for these three earthquakes-the northern strand of the North Anatolian fault, the Kunlun fault, and the Denali fault, respectively-are by far the fastest-slipping strike-slip faults in their respective regions, and thus their behavior, rather that that of nearby upper crustal secondary faults, would seem most likely to dominate the behavior of the region in which they reside. Nevertheless, as with almost all major faults, the three faults we consider are components of much larger, mechanically integrated fault systems that serve to accommodate relative plate boundary motion, and are thus subject to far-field ''extrinsic'' controls on their behavior.
For example, as noted above, the Denali fault lies above and north of the north-dipping subduction megathrust fault, which ruptured most recently in the 1964 M W 5 9.2 Alaska earthquake. Could stress interactions associated with the 1964 earthquake account for the observed geodetic-geologic rate discrepancy prior to the 2002 Denali earthquake? Stress modeling suggests not. Specifically, although Coulomb Failure Function modeling by Bufe and Boyd (2008) showed that the 1964 earthquake reduced the normal stress acting on the Denali fault, which would favor faster slip rates along the upper plate Denali strike-slip fault, the geologic slip rate used in our comparison is averaged over 12,000 years, making it unlikely that any minor Denali fault sliprate acceleration induced by the 1964 earthquake could explain the approximately 2:1 discrepancy between the geodetic and geologic rates prior to the 2002 Denali earthquake. Moreover, the ongoing geodetic signal of deep afterslip on the 1964 rupture plane (Freymueller et al., 2008) would have served to reduce normal stresses acting on any deep ductile extensions of the Denali fault prior to the 2002 earthquake. Although ductile shear is relatively insensitive to changes in normal stress (e.g., Sammis et al., 1977) , the resulting decrease in normal stress would seem to favor slightly increased-not decreased-rates of elastic strain accumulation along the Denali fault, opposite to the observed geodetic-geologic rate discrepancy. It is worth noting, however, that potential interactions between changes in normal stress that may inhomogeneously affect shearzone rocks and wall rocks with different material properties, and the lateral influx of fluids into the shear zone and resulting shear-zone weakening, remain poorly understood and require further investigation.
Possibility of Temporally Variable Plate Rates
Temporally variable tectonic plate motions may also contribute to explaining the diversity of behaviors observed late in the earthquake cycle. Plate velocities constrained by decade-long GPS time series are in most cases similar to global plate motion models based on 3 Ma magnetic anomalies (e.g., DeMets et al., 1994; Sella et al., 2002) , and there is a tacit assumption in most geodynamical studies that overall plate rates do not change significantly on intermediate time scales absent some major change in plate boundary configuration (e.g., ongoing collisional slowing; Sella et al., 2002) . But what if this assumption is incorrect? Both coseismically induced stress changes (Anderson, 1975; Romanowicz, 1993) and geometric inconsistencies (Gabrielov et al., 1996) may allow plates to change motion over earthquake-cycle and possibly longer time scales (Ismail-Zadeh et al., 1999 . The central idea being that perturbations at the edges of tectonic plates may be large enough to require a change in plate motions in order to satisfy the force balance. Conditions necessary for this sort of behavior to exceed the 1 mm/yr level include relatively low mantle viscosities (10 19 Pa s), small block dimensions (<500 km radius), and cumulative earthquake stress changes of >10 3 Pa (Meade & Loveless, 2017) . Applied to the geologic slip rate and geodetic slip-deficit rates considered here, an explanation for the diversity of pre-earthquake slip-deficit rates might be that the relative motions between the tectonic plates on either side of the fault vary at time scales less than the averaging time scale over which geologic slip rate estimates are constrained.
It is interesting that in the two examples we discuss that exhibit slip-deficit rates that are markedly different from longer-term geologic rates (Denali fault and NAF-N), the causative faults are parts of regional fault Geochemistry, Geophysics, Geosystems
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systems that are kinematically linked to nearby subduction zones (the Alaskan subduction zone and the Hellenic trench, respectively). Could interactions with temporally anomalous slip along the megathrusts, perhaps along their downdip extensions, explain the observations? For example, could anomalously rapid aseismic slip along the Hellenic subduction megathrust perhaps accelerate the slip-deficit rates along the faults of the western NAF system? Notably, models of geodetic data suggest that the NAF-N strand slipdeficit rate increases markedly westward from 31.58E (e.g., DeVries et al., 2016) , suggesting that these elevated rates may be related to potentially transient behavior of western Anatolia and the Aegean region to the west, perhaps in response to transient slip along the Hellenic subduction zone. Such transient subduction megathrust slip may be difficult to discern. Meade and Loveless (2009) , for example, showed that the geodetic signal of long-lived (decades to centuries) slow slip events may never exceed the plate convergence rate and thus may not be readily distinguishable from signals that are usually interpreted as evidence for partial elastic coupling on subduction megathrusts.
In the case of the 2002 Denali earthquake, as noted above the effects of long-lived deep afterslip on the underlying subduction megathrust observed geodetically (Freymueller et al., 2008) would most likely reduce normal stresses acting on the Denali fault. If this normal stress decrease had any effect on the rate of elastic strain accumulation along the Denali fault, it may have increased, rather than decreased, the elastic strain accumulation rate on the Denali fault. This is opposite to the observed geodetic-geologic rate discrepancy, so cannot explain the observations.
Conclusions and Implications
Comparison of geodetic and geologic rates immediately prior to the 1991 M W 5 7.6 Izmit, 2001 M W 5 7.8 Kokoxili, and 2002 M W 5 7.9 Denali strike-slip earthquakes reveals a complete range of pre-earthquake rate ratios, with geodetic rates that are faster than, similar to, and slower than the geologic fault slip rates. The range of behaviors revealed by these three earthquakes-the only three large-magnitude strike-slip examples we are aware of that have both pre-event GPS time series and well-constrained geologic slip ratesdemonstrates that there is a not a single relationship between geodetic and geologic rate data that can be applied to all faults. Moreover, these results demonstrate that we do not yet understand fully the controls on patterns of elastic strain accumulation and release in large earthquakes on major faults, as no single mechanism can explain all of the observations. It is possible that these behaviors may be controlled by some complex interplay between multiple processes that may be specific to any individual fault, as well as by processes that are extrinsic to each particular fault. This reinforces the view that a true understanding of the geodynamics of fault behavior requires a system-level analysis. Indeed, by focusing on single faults to the exclusion of their tectonic context, one could miss the potentially rich range of controls and behaviors that may result from system-level interactions. Whether the controls on these behaviors are intrinsic to the fault (e.g., clusters and lulls in earthquake recurrence, or changes in fault-zone properties, either in upper crust or underlying ductile shear zones) or extrinsic (temporal changes in fault loading rates, either due to temporal variations in induced Coulomb stressing rate due to variable slip rates on other faults, or to centennial-millennial changes in plate rates), these observations demonstrate that no single existing earthquake-cycle model can provide an adequate description for the observed diversity of earthquakecycle behaviors.
